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ABSTRACT
N oroviruses are causative agents o f epidemic gastroenteritis worldwide. They are highly
contagious and are prim arily spread by direct hum an contact, or through food or water. D espite
the acknow ledged public health im portance o f these viruses, little is known about their
occurrence, removal or inactivation during sew age treatment, or their fate in environm ental
receiving waters. Noroviruses are particularly resistant to chlorination, and limited m olecular
data suggest they can be abundant in treated sew age effluents released into receiving waters.
N orovirus quantification presents a challenge because the viruses are not easily grown in cell
culture, but studies have dem onstrated the potential o f real-tim e quantitative reverse transcription
polym erase chain reaction (qPCR) to quantity noroviruses in sewage effluent, shellfish, and
drinking and surface waters. This study evaluated m ethods o f concentration and RNA extraction
for the detection o f norovirus in sewage effluent samples from the James River Treatm ent Plant
in N ew port N ews, VA, USA. Sewage samples were concentrated by ultracentrifugation and
viral RNA was extracted using the Qiagen RN easy Mini Kit. Spiking experim ents dem onstrated
a detection lim it o f 1.5 x 104 norovirus genom e copies 20 ml"1 sewage effluent. Norovirus was
not detected in the collected sewage effluent samples. This study also included in situ and in
vitro experim ents designed to investigate the influence o f insolation, w ater tem perature, and
salinity on the inactivation o f norovirus in estuarine water. A dditionally, the inactivation o f
FRNA coliphage, a proposed indicator for enteric viruses, was analyzed to determ ine if
norovirus and FRNA coliphage persistence was similar. Inactivation rates were calculated for
the two viruses under experim ental conditions, and 95% confidence intervals were estim ated to
determ ine if inactivation rates varied significantly between the two viruses in response to
environm ental factors. In situ and in vitro experim ental data suggested that FRNA coliphage
was inactivated significantly faster than norovirus. Although light and water tem perature had a
significant effect on FRNA coliphage inactivation, norovirus inactivation rates varied little in the
in situ experiments. In vitro experimental data suggested that increased w ater tem perature and
salinity do not consistently lead to higher virus inactivation rates; however, taken together, the in
situ and in vitro experimental data suggested that high insolation and salinity have the potential
to increase norovirus inactivation rates. The findings o f this study suggest that FRNA coliphage
is not a suitable surrogate for norovirus in estuarine water.

An evaluation of norovirus persistence in estuarine water and of methods for its detection
in treated sewage effluent

ix

INTRODUCTION

This project involved the evaluation o f m ethods for norovirus concentration and detection
in sewage effluent sam ples and the characterization o f norovirus and FRN A coliphage
inactivation in estuarine water. Both o f these viruses are know n to occur in treated sewage
effluent discharged w orldw ide (M etcalf et al. 1995; Leclerc 2000) and have been considered as
potential candidates for indicators or surrogates o f enteric vim s pollution (Kator, verbal
com m unication 2006; Leclerc 2000). W hile several genogroups o f noroviruses are hum an
pathogens and have the capability o f causing outbreaks o f acute nonbacterial gastroenteritis,
FRNA coliphages are not pathogenic to humans. Q uantitative infonnation on norovirus
contam ination in environm ental waters is limited in the United States and lacking in the
Chesapeake Bay region.
V arious m ethods for detecting and quantifying norovirus in sewage effluent samples have
been reported in the literature. However, these have been used by few investigators and
questions concerning factors such as ease o f use, reliability, and reproducibility exist. Therefore,
one focus o f this project was to evaluate norovirus concentration and detection m ethods for
sewage samples.
In addition, in situ and in vitro laboratory experim ents w ere perform ed to exam ine how
factors o f sunlight, w ater tem perature and salinity affected virus inactivation. Three in situ
experim ents w ere conducted, one each in the spring, sum m er and winter, to exam ine the
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inactivation o f norovirus and FRNA coliphage in response to natural variations in environmental
factors such as water tem perature and sunlight during the different seasons. This inform ation
was used to determ ine inactivation coefficients for each virus under varying tem perature and
light conditions, or their persistence in the estuarine environment. In vitro experiments w ere also
perform ed at three tem peratures (10°, 20° and 30°C) and four salinities (0, 10, 20 and 30
practical salinity units, psu) to supplem ent and com pare with results from the in situ experiments.

Norovirus Background
N oroviruses are enteric viruses belonging to the family Caliciviridae. Noroviruses are 2635 nm in diameter, have a positive-stranded, polyadenylated RNA genom e o f 7.7 kilobases and
are protected by a protein capsid (Hutson et al. 2004; M ohamed et al. 2006). N oroviruses are
classified into five distinct genogroups, designated GI through GV (Blanton et al. 2006).
G enogroups I and II contain the m ajority o f hum an noroviruses, though GIV strains also infect
hum ans. N oroviruses infecting pigs fall into GII; bovine noroviruses cluster in GUI; and m urine
noroviruses falls into GV (H utson et al. 2004). W ithin genogroup GII, a genetic cluster
designated as GII.4 has been reported as the dom inant epidem ic strain over the last decade in the
United States, Ireland, England, the N etherlands, Germany, Japan, N ew Zealand and Australia
(Blanton, et al. 2006).
Noroviruses belong to the m ost infectious group o f causative agents o f epidemic
gastroenteritis; over the three-year period from 1997 to 2000, noroviruses accounted for 93% o f
the outbreaks o f nonbacterial gastroenteritis in the United States (Lodder and de Roda Husman
2005; Fankhauser et al. 2002). They are believed to cause 23 m illion cases o f nonbacterial
gastroenteritis annually in the United States (M ead et al. 1999) and anecdotal evidence suggests
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a higher incidence o f norovirus-induced gastroenteritis over the last five years. N oroviruses
infect and replicate in the gastrointestinal tract o f the host where they appear to recognize histoblood group antigens o f the intestinal epithelium (Tan et al. 2006). Transm ission is prim arily
spread by direct human contact, or foodbom e and w aterborne outbreaks; infection risk is highest
following consum ption o f raw or im properly cooked seafood, or after exposure to contam inated
recreational waters (Jothikum ar et al. 2005; Laverick et al. 2004). Contaminated shellfish
continue to be an im portant vector for transm ission o f acute gastroenteritis (CDC 2001).
Enteric viruses, including noroviruses, are com m only introduced to the environm ent
through leaking sewage and m alfunctioning septic systems, and, in the case o f estuarine and
m arine waters, sewage outfalls and vessel w astew ater discharge (Fong and Lipp 2005). D etected
in both raw and treated sew age waters, noroviruses frequently cause waterborne outbreaks o f
gastroenteritis due to inadequate w ater treatm ent (van den Berg et al. 2005). Humans suffering
from viral gastroenteritis can excrete between 105 and 1011 virus particles per gram o f stool,
resulting in high norovirus concentrations in sewage treatm ent plants (van den Berg et al. 2005;
Ueki et al. 2005; Fong and Lipp 2005), particularly during w inter m onths. Reasons behind the
com m only observed peak in norovirus concentrations during the w inter are not com pletely
understood, but is likely due to a com bination o f clim atic conditions favoring virus survival and
social behaviors that increase the likelihood o f person-to-person and foodbom e transm ission
(Lopm an et al. 2004; M ounts et al. 2000). N oroviruses are heat stable, well-adapted to survive
transit betw een hosts and particularly resistant to chlorination (Keswick et al. 1985; Griffin et al.
2003).
Studies on human volunteers have shown that the m inim um infectious dose for norovirus
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m ay be as low as 6-10 polym erase chain reaction (PCR)-detectable units (M eschke and Sobsey
2001; Schaub and Oshiro 2000). A PCR-detectable unit is determined by serially diluting a
PCR-positive sample. The highest dilution that results in a PCR-positive result is designated as 1
PCR-detectable unit and the starting concentration is back-calculated. Therefore, in addition to
causing acute disease, they are o f public health concern due to their low infectious dose (Fong
and Lipp 2005). Furtherm ore, noroviruses induce a relatively poor and short-lived im mune
response, causing hum ans to be susceptible to repeated episodes o f norovirus-induced
gastroenteritis throughout life (Laverick et al. 2004; Parrino et al. 1977).
Caliciviruses have been reported in w astew ater at 107 RN A -containing particles per liter,
and it has been suggested that they are m uch m ore prevalent than previously thought (Griffin et
al. 2003). Data specific to noroviruses are m ostly limited to Europe and Japan, but num erous
studies using varied quantitative m ethods indicate noroviruses m ay be abundant (approxim ate
range o f 105- 106 copies F 1) in final treated effluents released into receiving waters (da Silva et al.
2007; Katayama et al. 2008; Laverick et al. 2004; Lodder and de Roda H usm an 2005; van den
Berg et al. 2005). These studies generally found a 1-2 log reduction o f norovirus concentrations
between influent and effluent samples.
D espite the acknow ledged im portance o f noroviruses as etiologic agents o f viral illness,
research pertaining to norovirus removal or inactivation during sewage treatm ent has been
limited in the United States. U nlike m any w aterborne bacterial pathogens, which have been
controlled largely by w ater and w astew ater treatm ent practices, the incidence o f water-related
viral diseases has rem ained virtually unchanged over the past several decades (M etcalf et al.
1995). O ver two decades ago, the United States Environm ental Protection Agency (USEPA)
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described the enteric virus group (including norovirus, rotavirus, hepatitis A vim s, adenovirus,
and enterovirus, etc.) as the m ost m eaningful, reliable and effective vim s index for
environm ental m onitoring (Karaganis et al. 1983). Currently, the degree o f fecal pollution in
receiving waters is m onitored using bacterial indicator organisms, i.e., fecal coliforms,
Escherichia coli (E . coli) or the enterococci (USEPA 2000) despite the know ledge that the
relationship between vim s levels and levels o f enteric indicator bacteria is know n to vary and it
is generally accepted that bacterial indicators inadequately reflect the behavior and survival o f
enteric vim ses (NRC 1993; Gerba et al. 1979; Keswick et al. 1984; Bosch 1998). Therefore,
m easurem ent o f bacterial levels m ay be o f little relevance to the virological quality o f the water
and the risk presented by shellfish consum ption, swimming or other uses (Laverick et al. 2004;
H enshilw ood 2002).
Inform ation concerning the occurrence and relative densities o f norovirus in treated
sew age effluent is lacking for Virginia sew age treatm ent plants that discharge into the
Chesapeake Bay. N orovim s quantification has presented a challenge in the past because until
2007 no cell culture or animal model was available for infection. A three-dim ensional small
intestinal epithelium model has becom e available in the course o f this study (Straub et al. 2007);
how ever, to develop and maintain the culture is costly, tim e-consum ing and labor-intense. Prior
to this m odel, studies dem onstrated (and continue to demonstrate) the potential o f real-tim e
quantitative reverse transcription polym erase chain reaction (hereafter referred to as qPCR)
assays to quantify noroviruses in sewage effluent, shellfish, drinking and surface w ater samples
(Hot et al. 2003; Haramoto et al. 2004; Loisy et al. 2005; Vinje et al. 2004; Schmid 2004; Pang
et al. 2004). The prim ers and TaqM an probe published by Kageyam a et al. (2003) for qPCR
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were used in this thesis to evaluate m ethods for the concentration, detection and quantification o f
norovirus in sewage effluent samples from the Jam es River Treatm ent Plant in N ew port News,
Virginia.
W hen using PCR techniques for virus detection in environmental samples, sensitivity o f
virus detection is dependent on the efficiency o f virus recovery from the sample and the degree
o f final purity o f the recovered virus (M etcalf et al. 1995), as well as the concentration o f
com pounds that m ight inhibit the reaction. V iruses (e.g. noroviruses) m ay be present in low
densities, requiring concentration from high sam ple volum es (Griffin et al. 1999). Concentration
o f large sam ple volum es can lead also to concentration o f inhibitors like hum ic com pounds
w ithin the sample that m ay lead to PCR interference (M etcalf et al. 1995). In addition,
subsequent sample purification to rem ove inhibitors can dim inish virus recovery, a concern when
trying to quantify the virus within a sample. So in using PCR to detect norovirus in
environm ental samples, one m ust concentrate a large volum e and purify it sufficiently w ithout
sacrificing virus recoverability (W yn-Jones and Sellwood 2001). For this project, various
published m ethodologies were evaluated for norovirus recovery and concentration from sewage
effluent samples.

FRNA Coliphage Background
Over 140 enteric viruses, including norovirus, have been identified in hum an feces. To
m onitor for each o f these viruses is im practical from the standpoint o f cost, tim e and
specialization o f w orkforce and laboratory equipment. Therefore, to assess sanitaiy w ater
quality, surrogates or indicators are m onitored rather than specific pathogens. An ideal indicator
has the following characteristics:
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■
■
■
■
■
■
■
■
■
■

Occurs w here pathogens do
Cannot grow in the environm ent
M ore resistant to disinfection than are pathogens
Easy to isolate and count
Can be isolated from all types o f w ater
N ot subject to antibiosis
Only found in sewage
Found in higher num bers than pathogens
D ensity o f indicator should relate to degree o f contam ination
Density o f indicator should relate to a health hazard or type o f pollution (Griffin et al.
200 1 ).

FRN A coliphages are bacteriophages that have been proposed as indicators o f pathogenic enteric
viruses (H avelaar and Hogeboom 1984; IAW PRC 1991). They are single-stranded RNA viruses
with simple cubic capsids that are 24-27 nm in diameter; their genom ic size and physical
properties are sim ilar to the properties o f noroviruses and they share a strong resistance to
chlorination (Keswick et al. 1985; IAW PRC 1991; Furuse 1987). FRNA coliphages utilize the
sex pilus o f F + £ . coli for attachm ent and subsequent reproduction (Griffin et al. 2001; Leclerc
2000). FRNA coliphages have been found in raw sewage at concentrations o f 1000 pfu m l'1
(Furuse 1987; H avelaar et al. 1990, 1993; IAW PRC 1991); however, they are not always found
in hum an feces (Leclerc et al. 2000).
FRNA coliphages can be easily enum erated using cultural m ethods in contrast to the
m olecular methods required to detect and quantify norovirus. Data com paring the persistence o f
FRNA coliphage and noroviruses in the environm ent are necessary to decide whether FRNA
coliphage can be a suitable indicator for norovirus in the environm ent.

Norovirus and FRNA coliphage persistence in the environment
Little is know n about norovirus fate in environm ental receiving waters following
discharge from sewage treatm ent plants. Some studies have indicated that enteric viruses are
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able to persist for extended periods in the m arine environment, which increases the probability o f
hum an exposure by recreational contact and accumulation in shellfish that are consumed
uncooked (Fong and Lipp 2005). H owever, specific inform ation describing norovirus
persistence in the estuarine environm ent, and how factors such as sunlight and tem perature affect
its inactivation, are limited. Sunlight is know n to be a critical inactivating factor to FRNA
coliphage and indicator bacteria. FRN A coliphages are inactivated m ore slowly than indicator
bacteria and m anifest greater resistance to sunlight than bacteria (Sinton et al. 1999, 2002). A
1995 study (M uller 1995) exam ined FRN A coliphage inactivation in sum m er and w inter m onths
in the Y ork River. Inactivation rates w ere determ ined for FRNA coliphage suspensions at 0.5
and 1 m eter depths in the w ater column and no significant differences w ere found between
inactivation rates at these two depths. Inactivation rates were as follows:
Table 1. FRNA coliphage inactivation rate coefficients.__________
Season

T reatm ent

S um m er

Light
D ark
Light
D ark

W inter

Inactivation rate
coefficient (k d 1)
8.57
5.83
1.51
1.42

The only study found describing norovirus persistence in seaw ater was a laboratory study
using an artificial solar light source (H enshilw ood 2002). The study reaffirm ed that sunlight
exposure decreases viral survival and that reductions in viral levels are less significant than for
bacterial indicators such as E. coli. These data reiterate that the use o f bacterial indicator species
for m onitoring water quality can underestim ate the potential risk from viral contamination
(H enshilw ood 2002).
Q uantitative inform ation describing norovirus persistence is needed to validate the size o f
buffer zones surrounding sewage discharges, to understand if and when shellfish in restricted

waters can be relayed, to assess the potential effect o f a treated effluent on the boundaries o f
approved shellfish harvesting waters, and to assess risks associated with transient contamination
o f recreational waters. Until com parative data on the inactivation o f norovirus and FRNA
coliphage are obtained, it is very difficult to judge if the latter can be an adequate viral indicator
(Leclerc et al. 2000).

Study Objectives
O bjective 1. To evaluate methods fo r the concentration, detection and quantification o f
norovirus in sewage effluent samples.
Sew age effluent samples were collected from the James River Treatm ent Plant in
N ew port News, VA. Adsorption/elution, precipitation and ultracentrifugation m ethods were
evaluated for effluent sample concentration. Three RNA extraction m ethods (Boom et al.
(1990), Trizol and Q iagen RNeasy kit) were evaluated as well. Using qPCR, the efficacy o f
these m ethods was assessed based on norovirus recovery from effluent sam ples spiked with
genogroup II norovirus-positive stool samples.
O bjective 2. To exam ine the persistence o f norovirus and FRNA coliphage in the
estuarine environment.
N ull hypotheses
■ L ight intensity’ w ill not have a significant effect on the inactivation o f norovirus and
FRNA coliphage.
■ Water tem perature w ill not have a significant effect on the inactivation o f norovirus and
FRNA coliphage.
■ Water depth w ill not have a significant effect on the inactivation o f norovirus and FRNA
coliphage.
■ Salinity>w ill not have a significant effect on the inactivation o f norovirus and FRNA
coliphage.
■ Com parable inactivation rates in the estuarine environm ent w ill be fo u n d fo r FRNA
coliphage and norovirus.
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Three in situ experim ents were conducted to m easure the com parative persistence o f the
viruses as a function o f seasonal tem perature and light intensity during the spring, sum m er and
winter. The in situ experim ents were com plem ented with in vitro studies m easuring persistence
as a function o f controlled tem perature and salinity.
The in situ experim ents were conducted adjacent to VIM S (off the Davis Hall pier) in the
York River in late spring 2007, sum m er 2007 and fall 2007. Cell culture bags filled with filtered
York River w ater were spiked with genogroup II norovirus and FRNA coliphage (M S2) and
exposed to seasonal conditions. W ater within the bags was sampled over a one-w eek period and
norovirus and FRNA coliphage w ere quantified (using qPCR and plaque assays, respectively) to
determ ine the effect o f seasonal environm ental conditions on viral persistence.
A lim itation o f qPCR is that it m ay not necessarily differentiate between infective and
inactivated viruses. To try to rule out the issue o f false positives, the extent to which presum ed
noninfective (capsid-dam aged) norovirus RNA w as detected as a positive signal by qPCR was
evaluated using a treatm ent method o f N uanualsuw an and Cliver (2002). The treatm ent prem ise
is that virions possessing a dam aged capsid due to light or other dam age will be rem oved through
use o f a com bination o f enzym es (proteinase K and RNase) that destroy viral proteins and RNA.
Intact, assum edly infectious, virions are not affected; the difference between treated and
untreated samples thus reflects the extent o f inactive, but positive-by-reverse transcription-PCR,
virus present. For each sam pling day o f the in situ experim ents, norovirus samples w ere split to
allow h a lf to be treated in this m anner and h alf untreated to determ ine the extent o f intact viruses
versus T ree’ RNA within the sample.

10

In vitro experim ents w ere conducted to exam ine the effects o f w ater tem perature and
salinity on virus inactivation in dark conditions. Salinities (0, 10, 20 and 30 psu) were chosen to
reflect the range o f salinity in V irginia m arine receiving waters. These experiments consisted o f
spiking genogroup II norovirus and FRN A coliphages into volum es o f filtered m arine w ater and
holding the samples at 10°, 20° or 30°C. W ater w ithin the tubes was analyzed over a one-w eek
period and noroviruses and FRNA coliphages w ere quantified (using qPCR and plaque assays,
respectively) to detennine the effect o f w ater tem perature and salinity on virus inactivation. All
norovirus samples from the in vitro experim ents w ere also treated w ith proteinase K and RNase
as previously described.
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METHODS
Detection and quantitation of norovirus in sewage samples.
One liter grab samples o f secondary chlorinated effluent were collected from the James
River Treatm ent Plant (design flow o f 20 M GD) located in N ew port News, Virginia over the 16month period o f m ethod evaluation from A ugust 2006 - D ecem ber 2007. This plant discharges
secondary chlorinated effluents into estuarine waters where shellfish are grown. Samples were
collected in sterile 2 L polycarbonate bottles and transported to the laboratory in an insulated
container. Samples were kept at 4°C or frozen at -80°C prior to processing.
M ethods for the recovery o f norovirus from sewage effluents w ere evaluated. Three
different concentration procedures were assessed: adsorption/elution; precipitation; and
ultracentrifugation. Figure 1 depicts a flow chart showing how m ethods were evaluated.
M ethods were evaluated on w ater or sew age samples and run in duplicate. In instances where
w ater samples were used for m ethod evaluation, filtered (0.1 Om) deonized (DI) w ater or artificial
seaw ater (ASW ) samples w ere spiked w ith a norovirus-positive stool sam ple (approxim ately 106
7

1

-10 genom e copies m f ). W hen the m ethods w ere evaluated for sew age effluent samples,
sewage effluent samples were spiked w ith norovirus-positive stool sample. N orovirus-positive
stool sam ple was m ade available by the V irginia Division o f Consolidated Laboratory Services.
The stool sam ple was clarified by centrifuging at 400 x g for 10 m inutes at 4°C to sediment
solids. The supernatant was used for all spiking described in this project. The virus density o f
the stool sample spiked into samples (reagent-grade water, artificial seaw ater or sewage effluent)
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was estim ated based on the qPCR crossing points o f the stool sample extractions. A com parable
virus density was m aintained throughout the evaluation o f all methods. A dditionally, unspiked
sewage effluent samples were processed to determ ine the baseline level o f norovirus, if
detectable.

RNA Extraction Methods Tested
Three different methods o f RNA extraction were evaluated in this project; however, they
share in com m on the use o f guanidinium thiocyanate as a m ajor com ponent for extraction.
G uanidinium thiocyanate is a nuclease-inactivating chaotropic denaturing agent, m eaning it is
capable o f disrupting the three-dim ensional structure o f proteins and RNA.
The Boom et al. (1990) m ethod o f nucleic acid purification entails the construction o f
silica reaction vessels (m icrocentrifuge tubes containing a silica suspension). A sam ple is added
to a reaction vessel along with a lysis buffer containing guanidinium thiocyanate. The nucleic
acids adsorb to the silica and then go through a series o f washes before resuspension in RNasefree water.
Trizol Reagent (Invitrogen Corporation, Carlsbad, CA) is a m ono-phasic solution o f
phenol and guanidine isothiocyanate that is used in com bination with chloroform to isolate RNA
in an aqueous phase. The aqueous phase is precipitated with isopropyl alcohol, washed with
ethanol and resuspended in RN ase-free water.
Q iagen’s RNeasy kit (Qiagen Inc., V alencia, CA) com bines the chaotropic properties o f a
guanidine thiocyanate containing buffer with a silica column that binds RNA. The RNA is
purified on the column by additional buffers. The kit is limited in that it can only bind RNA at

least 200 base pairs in length. The RNA extraction m ethods that were coupled to each o f the
concentration m ethods are described below.

Virus concentration and RNA extraction
Adsorption/elution methods for concentrating virus particles
The adsorption/elution m ethods for concentrating virus particles involve the sample being
brought into contact with a m atrix that the virus w ill adsorb to under specific conditions o f pH
and ionic strength. N egatively-charged nitrocellulose filters known to work well when pre
conditioning the sample w ith salt or acid or when w orking with marine samples were used.
Using vacuum filtration, viruses are bound to the filter by opposing electrostatic forces. The
vim s is eluted from the m atrix into a sm aller volum e, generally using a solution o f b eef extract,
skimmed milk or glycine/NaOH o f a specific pH. The eluent is then flocculated with strong acid
and centrifuged, and RNA is extracted from the pellet.
Wyn-Jones et al. (2000) methodology’
Based on W yn-Jones et al. (2000), 1 L A SW was spiked with 300 01 of norovirus-positive
stool sample. The sample was then preconditioned to a pH o f 3.5 with hydrochloric acid (HC1)
(M allinckrodt Baker, Phillipsburg, NJ). A 500 ml volum e was passed through a 47 mm 0.45 Dm
nitrocellulose filter (M illipore, Billerica, M A or W hatm an, Florham Park, N ew Jersey) using
vacuum filtration. V irions were eluted o ff the filter with 20 ml 0.1% (w/v) skimm ed milk
(HMD, G ibbstow n, N J) in 0.05 M glycine buffer pH 9,5 (Bio-Rad, Hercules, CA). The eluent
was flocculated by adjusting the pH to 3.5 with HCL The eluent was centrifuged at 7,000 x g for
30 m inutes at 4°C, the supernatant was discarded, and the pellet was dissolved in 1 ml 0.15’ M
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N a 2 HPC>4 , pH 7.0 (Fisher Scientific, Pittsburgh, PA). RNA was extracted using the Qiagen
RN easy M ini Kit (Qiagen Inc.) following m anufacturer protocols.
Fuhrm an et al. (2005) methodology’
The m ethod described by Fuhrman et al. (2005) involves sample adsorption to
nitrocellulose filters with direct lysis from the filter using Qiagen RN easy Mini Kit RLT lysis
buffer. The protocol used was m odified slightly from Fuhrman et al. (2005) and began by
spiking 1 L ASW with 300 01 norovirus-positive stool sample. A 500 ml volum e was passed
through a 47 mm 0.45 Dm nitrocellulose filter (M illipore or W hatm an) using vacuum filtration.
The filter was placed in a sterile disposable petri dish (47 mm ) and 1 ml o f the Qiagen RNeasy
Mini Kit RLT lysis buffer was applied to the filter for a 10-minute incubation period. The
extraction kit was then used following m anufacturer protocols. N orovirus recovery from ASW
was prom ising in com parison to qPCR results for stool sample extractions; therefore, this m ethod
was also evaluated for use with filtered estuarine w ater (1 Dm filtered-Y ork River w ater and 0.22
□m filtered York River water), and sewage effluent samples. To test recovery in these samples, a
1 L sample volum e was spiked with 300 □! norovirus-positive stool sample; the filtration and
extraction procedures m odified from Fuhrm an et al. (2005) and described above were followed.

Precipitation methods
Jiang et al. (2001), Schwab, and Affynnetrix (2004) m ethodologies
Based on Jiang et al. (2001) and a personal com m unication with K. Schwab, precipitation
o f virus with polyethylene glycol 8000 (PEG) (Prom ega Corporation, M adison, WI) was
evaluated using deionized w ater and sew age effluent samples.
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A 175-200 ml deionized water or effluent sample was spiked with 500 Dl o f a noroviruspositive stool sample. The sam ple was m ixed with sodium chloride (NaCl) (Fisher Scientific) to
a final concentration o f 0.2 M and 10% (w/v) PEG 8000 and shaken at 150 rpm overnight at 4°C.
The sam ple was centrifuged at 6,000 x g at 4°C for 30 minutes and the supernatant rem oved by
pipetting. RNA was extracted from the pelleted material using 1 ml o f Trizol or 3 ml Trizol LS
(Invitrogen Corporation) following the m anufacturer’s protocol. The Trizol extraction was
further evaluated, specifically in term s o f using m ultiple Trizol extractions, to increase removal
o f PCR inhibitors from the sample.
The Trizol extraction m ethod was also com bined with the Qiagen RNeasy Mini Kit.
Based on guidance from A sy m etrix (2004), once the sample had been incubated with Trizol LS
and chloroform and centrifuged, the resulting aqueous phase was applied to the spin column and
the Qiagen protocol followed.
A DNase digestion (as described by Jiang et al. 2001) was evaluated for rem oving
inhibitors from effluent samples. A DNase treatm ent has been suggested for treating RNA
preparations to degrade trace to m oderate am ounts o f genom ic DN A (A m bion 2001). The
DNase digestion was applied during the Q iagen RNeasy extraction as indicated in the
m anufacturer’s protocol.
M e tc a lf and Estes (1994) m ethodology
The M etcalf and Estes (1994) m ethodology for virus recovery from oysters was evaluated
using PEG -precipitated sew age effluent concentrates. This m ethod entails additional
precipitations that further purify the sample, specifically polysaccharides and protein. Deionized
w ater and sew age effluent sam ples (175 m l) were each spiked with 200 Dl o f a norovirus-positive
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stool sample. Sam ples were precipitated w ith PEG and NaCl overnight as previously described
and centrifuged at 6,000 x g at 4°C for 30 minutes. The supernatant was rem oved; 3 ml sterile
water was used to suspend the pellet. The resuspended pellet was mixed with 1 ml 4X proteinase
K (PK) buffer (0.04 M Tris-HCl, 0.02 M N a^E D T A ; 2% SDS (Sigm a-Aldrich, Inc., St. Louis,
MO, pH 7.5) and 40 pi PK (20 mg m f 1, Am resco, Solon, OH) and incubated for 30 m inutes in a
56°C w ater bath. Four milliliters o f phenol-chlorofonn (Fisher Scientific) was added to each
sample. The sam ple was vortexed and centrifuged for 7 m inutes at 6000 x g at 4°C. The
aqueous phase was then added to a new tube containing 4 ml phenol-chlorofonn. The sample
was vortexed and centrifuged. The aqueous phase was added to a new tube containing 400 pi 3
M sodium acetate (N aOA c), pH 5.2 and 10 ml 100% ethanol, mixed by inverting and incubated
for 30 m inutes at -80°C. The sample was then centrifuged for 30 m inutes at 15,000 x g at 4°C.
The supernatant was poured off, and 2.25 mi o f 56°C sterile w ater was added to the tube to
suspend the pellet. Each sample was then m ixed with 0.9 ml CTAB/NaCl (5%
cetyltrim ethylam m onium brom ide (Sigm a-Aldrich, Inc., 0.4 M NaCl) and incubated at room
tem perature for 15 m inutes. The sample was then centrifuged for 30 m inutes at 15,000 x g at
25°C. The supernatant was rem oved and the pellet was suspended in 0.150 ml o f 1 M NaCl by
gentle pipetting and the tube washed with 300 pi sterile water. The suspended pellet solution and
wash w ater w ere added to a new tube containing 30 pi N aO Ac and 900 pi 100% ethanol and
incubated for 30 m inutes at -80°C. Precipitated nucleic acids were pelleted by centrifuging for
30 m inutes at 13,000 x g at 4°C. The supernatant was discarded and 380 pi 70% ethanol (at 20°C) was added to the pellet. The sam ple was centrifuged for 10 m inutes at 13,000 x g at 4°C.
The supernatant, was discarded and the sample was dried for 15-20 m inutes at 45°C, resuspended
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with 100 pi DEPC w ater (diethylpyrocarbonate) (Sigm a-Aldrich, Inc.) (at 70°C) and stored at
-80°C.

Ultracentrifugation method
M yrm el et al. (2006) methodology?
A m odified ultracentrifugation method as adapted by M ynnel et al. (2006) from Puig et
al. (1994) was evaluated. Sample concentration by ultracentrifugation and adsorption to and
elution from silica was tested for recovery o f norovirus from sewage effluent. A 13 ml volum e
o f sewage effluent was spiked with 150 01 of a norovirus-positive stool sample. The sample was
centrifuged at 100,000 x g for 2 hours at 4°C and the resulting pellet dissolved in 5 ml o f glycine
buffer (0.25 M glycine, 0.15 M NaCl, pH 9.5) by gentle shaking overnight (16 hours) at 4°C.
The following m orning the solution was diluted to 13 ml with phosphate buffered saline (0.14 M
NaCl, 25 DM K H 2PO 4) and centrifuged at 4,300 x g for 15 m inutes at 4°C to rem ove particulate
material. The supernatant was transferred to another tube and centrifuged at 100,000 x g for 2
hours at 4°C. The pellet (viral concentrate) was dissolved in 200 Dl phosphate buffered saline
and stored at -80°C until RNA extraction.
A variation o f the M ynnel et al. (2006) m ethod was also evaluated in which the pellet
resulting from the initial 100,000 x g centrifugation was dissolved in 200 Dl phosphate buffered
saline and the RNA was extracted from that pellet.
Two m ethods were evaluated for RNA extraction from the viral pellets. The first was
based on the Boom et al. (1990) m ethod o f nucleic acid purification. This method uses reaction
vessels with 900 01 lysis buffer (details in following paragraph) m ixed w ith 40 Dl silica
suspension (details in follow ing paragraph) in a 1.5 ml m icrocentrifuge tube. A 100 pi viral

concentrate was added to the reaction vessel, vortexed, and incubated at room tem perature for 10
m inutes. The content was hom ogenized and centrifuged at 12,000 x g and the supernatant
decanted as waste. All w ashing steps entailed fully suspending the silica in the w ashing solution
followed by a 15 second 12,000 x g centrifugation. The sample was washed twice w ith washing
buffer (details in following paragraph) and 70% ethanol, followed by a single wash once with
acetone. The silica was dried for 10 m inutes at 56°C. To elute RNA, 80 pi DEPC w ater was
added to the silica, vortexed and incubated for 10 m inutes at 56°C. The sample was vortexed
again and centrifuged for 2 m inutes at 12,000 x g. The supernatant was stored at -80°C prior to
use in reverse transcription.
Lysis buffer was m ade by dissolving 9.3 g guanidinium thiocyanate (GuSCN) (SigmaA ldrich, Inc.) into 10 ml o f the following: 0.1 M Tris hydrochloride (Sigm a-Aldrich, Inc.), pH
6.4 w ith 22 ml o f a 0.2 M EDTA (Sigm a-Aldrich, Inc.) solution adjusted w ith NaOH (Acros,
M orris Plains, NJ) to pH 8.0 and 2.6 g o f Triton X -100 (Sigm a-Aldrich, Inc.). W ashing buffer
was m ade by dissolving 12 g GuSCN into 10 ml o f 0.1 M Tris-hydrochloride, pH 6.4. The silica
suspension was m ade by suspending 12 g silicon dioxide (-9 9 % , 0.5-10 pm) (Sigm a-Aldrich,
Inc.) in 100 ml dem ineralized w ater in a glass cylinder and sedim enting the solution at unit
gravity for 24 hours at room temperature. An 86 ml portion o f the supernatant was rem oved, and
dem ineralized water was added to bring the total volum e to 100 ml. The settled material was
suspended by shaking. A fter a second sedim entation step for 5 hours at room tem perature, 85 ml
o f the supernatant was rem oved. The pH o f the suspension was adjusted to 2.0 with 120 pi o f
HC1 (32%, w/v).
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The second method evaluated for RNA extraction following ultracentrifugation was
direct extraction o f the viral concentrate using the Qiagen RNeasy Mini Kit. A 600 pi volum e o f
RLT lysis buffer was added to the 200 pi viral concentrate and then the m anufacturer’s protocols
were followed.

Reverse transcription
Extracted RNA was reverse transcribed to cDNA using Q iagen’s O m niscript RT kit
(Qiagen Inc.). The reverse prim er was the same reverse prim er used in the qPCR and was
designed by K ageyam a et al. (2003). The following reagent concentrations were used:
Reverse prim er:
dNTP Mix:
Buffer RT:
RN ase inhibitor:
O m niscript Reverse Transcriptase:
RN ase-free water:
RNA:

2.5 DM
0.5 mM
IX
0.5 units Dl'1
0.2 units Df1
5 Dl 20 Dl reaction'1
1 Dl reaction'1.

The reaction was incubated at 37°C for 1 hour and cDNA was subsequently stored at 20°C. D ifferent reaction volum es were evaluated to m inim ize inhibition in qPCR while
m aintaining the efficiency o f the reaction. Using 1 pi o f RNA in each reaction, 20 pi, 10 pi, and
5 pi reverse transcription reactions w ere evaluated. Additionally, a reverse transcription reaction
was evaluated using the same reagent concentrations as above with 10 pi o f RNA for a final
reaction volum e o f 25 pi.
An additional PCR clean-up step (Q iaquick PCR Purification Kit, Qiagen Inc.) was
evaluated for use on the cDNA prior to analysis by qPCR. This purification kit is designed to
rem ove prim ers, nucleotides, enzym es, salts, and other im purities from DNA samples.
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Real-time quantitative PCR
Real-tim e quantitative PCR (qPCR) was the final step used to determ ine if norovirus was
detectable in a sample, and if so, how m any genom e equivalents relative to a plasmid standard.
A TaqM an assay with prim ers and probe designed by Kageyam a et al. (2003) was used to
am plify the highly conserved O R F 1-ORF2 junction. The ORF1 region is reported to code for
the RN A -dependent RNA polym erase gene, w hile the ORF2 region is reported to code for the
capsid protein gene (Kageyam a et al. 2003). Prim ers were purchased from Invitrogen
Corporation and the probe and TaqM an Fast U niversal PCR M aster M ix were purchased from
Applied Biosystem s (Foster City, CA).
The TaqM an assay is a fluorogenic 5 ’ nuclease assay that involves a fluorogenic probe
designed to anneal specifically to the targeted cDNA fragment in between the forward and the
reverse prim ers. The probe is an oligonucleotide w ith a reporter fluorescent dye and a quencher
dye. W hile the probe is intact, em ission o f fluorescence is limited by the proxim ity o f the
quencher to the dye. D uring am plification, the Taq DNA polym erase cleaves the annealed probe
by its 5 ’-3 ’ exonuclease activity, and separates the dye from the quencher, resulting in an
increase in fluorescence. Fluorescence em ission by the cleaved probe is directly proportional to
the am ount o f target tem plate in the sample, and is measured on a cy cl e-by-cycle basis during the
reaction. The threshold cycle value at which exponential am plification com m ences is
proportional to the am ount o f initial tem plate target, with higher initial tem plate am ounts giving
a low er threshold cycle value (H enshilw ood 2002).
qPCR am plifications were perform ed on the Applied Biosystem s Real-Tim e PCR system.
For all sam ple analyses, negative (reagent-grade water) and positive (cDNA generated from a
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norovirus-positive stool extraction) controls were run sim ultaneously for quality control. Per 10
□1 reaction, reagent final concentrations were as follows:
Forward primer:
Reverse primer:
Probe:
TaqM an Fast Universal PCR
M aster Mix:
Sterile water:
cDNA:

1 pmol Of1
1 pmol Dl"1
O.250M
5 Dl reaction'1
1.3 01 reactio n '1
1 01 reaction'1.

Reaction conditions were as follows:
Initial denaturation:
45 cycles:
Denaturation:
Annealing:

95°C, 10 m inutes
95°C, 15 seconds
60°C, 60 seconds.

Plasmid preparation
Relative estim ation o f norovirus detectable units in sewage effluent necessitated the use
o f a standard curve. A plasm id was generated containing the PCR product am plified during
qPCR. A plasm id is extra-chrom osom al DNA into which, in this case, the qPCR sequence was
inserted. The plasm id was introduced into E. coli and copied m illions o f times. The plasm id
was purified from the E. coli, linearized, quantified and a serial dilution was run to estim ate
norovirus copy num ber in sewage effluent and w ater samples.
A standard PCR was run to generate the PCR product. Reagents w ere from Applied
Biosystem s. Per 20 Dl reaction, reagents concentrations were as follows:
Bovine serum album in (BSA):
MgCU:
Taq polym erase:
Forward primer:
Reverse primer:
Sterile water:

0.4 mg m l'1
3 mM
0.05 units
1 DM
1 DM
6.1 Dl reactio n '1
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cDNA:

0.5 01 reaction'1.

Reaction cycling conditions w ere as follows:
Initial denaturation:
40 cycles:
Denaturation:
Annealing:
Extension:
Final extension:

94°C, 10 m inutes
95°C,
56°C,
72°C,
72°C,

15 seconds
30 seconds
45 seconds
5 minutes.

The PCR product size was confirm ed by gel electrophoresis on a 2.5% agarose gel. The
PCR product was purified using the Qiaquick PCR Purification Kit (Qiagen Inc.) and dilutions o f
the purified PCR product were cloned into a plasm id vector using the TOPO TA Cloning Kit (401
PC R product, 1 01 salt solution,

101vector) (Invitrogen Corporation). The vector was transform ed

into One Shot Com petent E. coli cells (Invitrogen Corporation) through heat shock (42°C, 30
seconds). Following incubation (37°C, 1 hour), the cells were plated on pre-w arm ed Luria broth
am picillin (LB amp) plates and incubated overnight at 37°C. A boil preparation (95°C, 4
m inutes) was perform ed on picked colonies in 10 Dl sterile water. The boil preparation was used
in an M l 3 PCR to confirm that colonies carried the vector w ith the cloned PCR product insert.
The M l 3 prim ers were provided in the cloning kit. Reaction reagent concentrations were as
follows for a 20 01 reaction:
BSA:
1OX Qiagen buffer:
M gCL:
dNTPs:
Forward primer:
Reverse primer:
Taq polym erase:
W ater:
Boil preparation DNA:

0.20 m g ml"1
1X
1.5 mM
0.2 mM
1 DM
1 OM
0.03 units
10.9 01 reaction'1
1 01 reaction'1.
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Reaction conditions were as follows:
Initial denaturation:
30 cycles:
Denaturation:
Annealing:
Extension:
Final extension:

94°C', 4 minutes
94°C,
54°C,
72°C,
72°C,

1 m inute
45 seconds
30 seconds
10 minutes.

The presence o f the insert was confirm ed using gel electrophoresis on a 2.5% agarose gel.
Products o f the M l 3 PCR were sequenced to confirm the product identity. PCR products were
treated w ith a shrimp alkaline phosphatase (SAP) and exonuclease I (Exo I) (Amersham
Biosciences, Piscataway, NJ) to degrade nucleotides and prim ers rem aining after PCR. The
SAP/Exo I clean up reagents were as follows:
SAP:
Exo I:
D ilution buffer:
M 13 A m p PCR product:

0.5 units
5 units
1 Dl
5 01

This reaction was incubated at 37 °C for 30 m in, 80°C for 15 min and 15 °C for 5 s.

To

verify that the vector had the correct PCR product insert, the M 13 PCR products were sequenced
bi-directionally using the Big Dye Term inator kit (Applied Biosystem s) w ith M13 sequencing
prim ers. Reaction reagents were as follows:
Big Dye:
Forward O R Reverse primer:
5X buffer:
Sterile water:

0.75 pi
0.32 pi
0.875pi
3.205 pi

R eaction conditions were as follows:
Initial denaturation:
25 cycles:
D enaturation:
A nnealing:

96°C, 1 m inute
96°C, 10 seconds
50°C, 5 seconds

2,4

Extension:

60°C, 4 minutes.

Sequenced products were precipitated using ethanol/sodium acetate. The following was
added to 20 pi o f the sequencing reaction:
3M sodium acetate (pH 4.6):
N ondenatured 95% ethanol:
Sterile water:

3 pi
62.5 pi
14.5 pi

Reactions w ere vortexed and incubated at room tem perature for 15 minutes. Tubes were
centrifuged at 2000 x g for 45 m inutes and 3000 x g for 30 minutes. W ith caps rem oved, tubes
w ere inverted and centrifuged at 50 x g for 1 minute. Tubes were again placed upright, washed
with 150 01 70% EtOH, and vortexed for 15 seconds. Tubes were again centrifuged at 2000 x g
for 10 m inutes and 3000 x g for 10 minutes. Sam ples were resuspended in 20 01 Hi-Dye
Form am ide (A pplied Biosystems). Ten m icroliters o f the reaction were loaded onto the ABI
Genetic A nalyzer (M odel # 3 130x/, Applied B iosystem s) for sequencing.
A fter confirm ing the correct product through sequencing, 3 ml 2YT m edia (Becton,
D ickinson and Company, Franklin Lakes, NJ) was inoculated with transform ed bacterial
colonies and incubated overnight at 37°C w hile shaking at 200 rpm. Plasm id DNA was purified
from bacterial cultures using a Qiaprep Spin M iniprep Kit (Qiagen Inc.). A N ot I restriction
digestion was perform ed to linearize the plasm id in 100 pi reactions containing 66 pi purified
plasm id DNA, 20.5 pi o f sterile water, 10 pi 10X buffer, 1 pi 100X BSA and 2.5 pi N ot I
restriction endonuclease. Plasmid DNA was digested at 37°C for 12 hours followed by 65°C for
20 m inutes. Purified and digested plasm id DNA was electrophoresed on a 0.9% agarose gel,
stained w ith ethidium brom ide and visualized under UV light.
D igested plasm id DNA was purified using the Qiaquick PCR Purification Kit and

25

resulting DNA was quantified (G enequantp r o , A m ersham Biosciences). The linearized plasm id
was serially diluted to generate a standard curve for use in the qPCR. This serial dilution was
run during all qPCR runs to estimate norovirus genom e copy num ber in sewage effluent samples.

Sewage sample collection
Sewage samples were collected from the Jam es River Treatm ent Plant on the following
dates:
■
■
■
■
■
■
■
■
■
■
■

February 13, 2007
M arch 1,2007
M arch 8, 2007
April 18, 2007
June 28, 2007
D ecem ber 6, 2007
January 25, 2008
February 22, 2008
M arch 18,2008
April 17,2008
M ay 13,2008
Two replicates o f approxim ately 20 ml o f sewage effluent (13 ml for the 12/6/07

samples) were concentrated using the M ynnel et al. ultracentrifugation method. For each
sample, two replicates o f sewage effluent w ere spiked with approxim ately 100 Dl noroviruspositive stool sample, and sim ilarly concentrated. The viral concentrate was extracted using the
RNeasy Mini Kit. A 10 Dl RT volum e was used for these samples and qPC R was conducted as
previously described.

Persistence of norovirus and FRNA coliphage in the estuarine environment.
In situ experiments
Three experim ents were conducted over the spring, sum m er and w inter seasons.
Transparent (96% solar transm ission) Perm alife Cell Culture Bags (OriGen Biom edical, Austin,
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TX) containing approxim ately 30 ml filtered (0.22 pm) estuarine w ater (21 psu) w ere spiked
with either a norovirus-positive stool sample or FRNA coliphage (M S2) suspension yielding a
final concentration o f approxim ately 106 virion genom e equivalents ml"1 and approxim ately 106
plaque form ing units (PFU) m l'1, respectively. Two sets o f 3 alum inum foil-covered dark control
bags and 3 uncovered bags were placed at the w ater surface and at a 1 m depth in the York River
using a tethered float (design shown in Figure 2). The experimental setup was exposed to in situ
spring, sum m er and w inter conditions. The bags were fitted with a closeable sam pling port
allow ing for aseptic sam pling o f m icrobial suspensions and redeploym ent in water. Samples
w ere collected from each bag at 0, 1, 2, 4 and 8 days. Four 1.5 ml replicates were collected for
norovirus. Two 1 ml replicates were collected for FRNA coliphage.
Light extinction from the surface to 1 m eter was m easured using a LICOR quantum light
sensor (Lincoln, Nebraska) on each sam pling day. W ater tem perature data for each sam pling
day was acquired from the VIMS V irginia Estuarine and Coastal O bserving dataset.

FRNA coliphage sample processing
Two 1 ml analytical replicates were taken from each o f the three replicate bags on the
sam pling days. FRN A coliphage was enum erated using a double agar overlay technique
(Rhodes and Kator 1991). The sam ple (or a dilution o f the sample in phosphate buffer (0.24 M,
pH 7.2)) was com bined with 0.2 ml Salm onella typhimurium host W G49 (H avelaar and
Hogeboom 1984) and 4 ml m olten agar m edium held at 47°C in a water bath. The resulting
suspension was m ixed and poured over a base agar layer in a petri dish and allowed to cool to
room temperature. Inverted plates were incubated overnight at 37°C and plaques w ere counted
at appropriate dilutions the following m orning to determ ine the PFU m l'1.
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Norovirus sample processing
Four 1.5 ml samples were collected at each tim e point for norovirus sample processing.
Two o f the samples were treated w ith R N ase and PK (details below ) and two were not treated.
Samples were concentrated on a 47 mm 0.45 Dm nitrocellulose filter. V iruses were lysed directly
from the filter based on Fuhrm an et al. (2005) using 1 ml RLT lysis buffer. RNA was extracted
using the Qiagen RNeasy Mini Kit following the m anufacturer’s protocol.

RNase and Proteinase K (PK) Treatment
Two analytical replicates were treated with PK (20 units) and RN ase (100 ng) and
incubated for 30 m inutes at 37°C. PK was dissolved in phosphate buffered saline (0.01 M
phosphate buffer, 0.002.7 M potassium chloride and 0.1378 M sodium chloride, pH 7.4) and
RNase was dissolved in a Tris-ED TA buffer (1.0 M T ris-H C l, 0.1 M EDTA, pH 8.0). Forty
units o f RNase inhibitor (Applied Biosystem s) w ere added to the samples following treatm ent to
protect the RNA during the subsequent extraction from intact virions. Samples were
concentrated and extracted as previously described.
RNA was reverse transcribed as previously described using a 5 Dl reaction volume. qPCR
was conducted as previously described on all norovirus samples.

In vitro experiments
Seawater was collected from the Eastern Shore Laboratory, filtered (0.22 Dm) and diluted
w ith reagent-grade w ater to yield w ater with 10, 20 and 30 psu values. N orovirus and FRNA
coliphage were spiked into the w ater sam ples to yield final concentrations o f 106 virion genom e
equivalents m l'1 and 105 plaque forming units (PFU) m f J, respectively. Three replicate tubes for
each m icroorganism w ere sampled over the experim ental period (days 0, 1 , 2 , 4 and 8). For each
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salinity, experim ents w ere conducted at 10°, 20° and 30°C. Samples w ere collected and
processed following the m ethods described for the in situ experiments; how ever, only 2
analytical replicates were collected for the norovirus samples. These sam ples w ere treated w ith
PK and RN ase as previously described to obtain estim ates o f intact norovirus concentrations.
RN A w as reverse transcribed as previously described using a 5 Dl reaction volum e. qPCR
was conducted as previously described on all norovirus samples.
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RESULTS

Detection and quantitation of norovirus in sewage samples
Virus concentration and RNA extraction
Adsorption/elution methods
Wyn-Jones et al. (2000) methodology’
The W yn-Jones et al. (2000) m ethodology was evaluated using both Dl and ASW
sam ples spiked with norovirus-positive stool sample. Using a 20 Dl RT reaction volum e and
qPCR as previously described, qPCR crossing points were between 7 and 11 threshold cycles
later than qPCR results for a sam ple extracted directly from stool. The higher crossing points
suggest a loss o f recovery o f at least 100- to 1,000-fold when the virus w as spiked into the water
samples. This method was rejected for use in detecting norovirus in sew age effluent samples or
in the in situ or in vitro experimental samples.
Fuhrm an et al. (2005) methodology>
The Fuhrm an et al. (2005) m ethod was evaluated using ASW , sewage effluent, and
filtered (1 Dm) York River water, U sing a 20 Dl RT reaction volum e and qPCR as previously
described, ASW samples spiked with norovirus-positive stool sam ple had crossing points
com parable to a stool sample extraction; how ever fluorescence was m uch low er for spiked ASW
than for stool sample extractions, indicating PCR inhibition in the A SW sample. Sample
fluorescence is m easured relative to the background fluorescence in a qPC R reaction and is
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unitless. However, the fluorescence level is useful for inferring the efficiency o f the reaction,
with higher fluorescence indicating a m ore efficient reaction. Fluorescence o f stool sample
cDNA was approxim ately 6.5 while A SW sam ple cDNA was approxim ately 0.5.
In using this m ethod with sewage effluent spiked with norovirus-positive stool, norovirus
was not detected by qPCR following a 20 Dl RT reaction. Dilution o f the sew age effluent sample
cDNA did not result in the detection o f norovirus.
U sing a 20 01 RT reaction volum e and qPCR as previously described, this m ethod was
evaluated for filtered (1 Dm) York River water. Crossing points were found to be com parable to
direct stool sam ple extraction; however, fluorescence continued to be m uch low er than
fluorescence for stool sample extractions (fluorescence o f about 0.5 com pared to 7, respectively).
Sample RNA and sample cDNA was diluted (a serial 10-fold dilution) to determ ine what the
cause o f the qPCR inhibition was. Fluorescence rem ained low in both dilution RNA and cDNA
samples (approxim ately 0.5), indicating that the PCR inhibitors are brought through the initial
extraction and reverse transcription to qPCR.
York River w ater was further filtered (0.45 Dm and 0.22 Dm) and spiked w ith noroviruspositive stool sample. Filtering o f the w ater sam ples resulted in slightly higher crossing points (3
threshold cycles, or about a 10-fold loss o f recovery), but fluorescence was either com parable to
the stool sam ple extraction (7) or slightly low er (5).
The Fuhrm an et al. (2005) m ethod was selected for use in the in situ and in vitro
experiments.
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Precipitation methods
Jiang et al. (2001), Schwab, and Affym etrix (2004) methodologies
As explained in M ethods, various iterations o f PEG precipitation, Trizol extractions, and
the RNeasy Viral M ini K it were evaluated. A 20 Dl RT reaction was used for the samples
processed using PEG precipitation m ethods followed by qPC R as previously described.
PEG precipitation followed by a single Trizol extraction showed that norovirus could be
detected by qPCR in effluent spiked with norovirus-positive stool sample. Crossing points for
spiked effluent samples w ere com parable to reagent-grade w ater samples spiked with noroviruspositive stool sample; how ever fluorescence for the effluent samples was almost undetected,
though crossing point values were calculated.
As previously evaluated, RNA was serially diluted to determ ine if PCR inhibition could
be reduced to im prove am plification and fluorescence. Crossing points o f the 1:10 dilution
resulted consistently in an increase o f approxim ately 3.3 threshold cycles, the interval indicative
o f a 1:10 dilution; how ever fluorescence rem ained very low.
Because recovery o f spiked samples was at tim es inconsistent (appeared to be a result o f
organics being carried through the Trizol reaction), the RN easy Mini Kit was evaluated using the
aqueous phase o f the Trizol extraction. W hen com paring the crossing points o f noroviruspositive stool samples and reagent-grade w ater sam ples spiked with norovirus-positive stool
sample using this m ethod, the stool sample extractions had crossing points o f about 5 threshold
cycles low er than the spiked w ater samples. This would suggest a loss o f viral recovery o f
almost 100-fold when com paring this m ethod for stool sam ple extraction and spiked w ater
sample extraction.
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Despite the potential recovery issues, the Trizol-RNeasy M ini Kit method was
subsequently evaluated for use w ith sewage effluent samples, Spiking o f reagent-grade water
samples and effluent samples with norovirus-positive stool sample resulted in com parable
crossing points for both types o f samples; however, fluorescence for effluent samples rem ained
very low.
To try to rem ove inhibitors from the effluent samples, m ultiple Trizol extractions were
run on stool-spiked samples, using reagent-grade w ater as a control and evaluating spiked
effluent samples. The final aqueous phase o f the extractions was processed through the RNeasy
M ini Kit column. Perform ing 4 Trizol reactions until there was not a noticeable interphase,
noro vims was detectable in spiked reagent-grade w ater samples with crossing points 3 to 4
threshold cycles later than when using a single Trizol extraction. N orovirus was not detected in
spiked sewage effluent samples.
An additional step evaluated for its ability to rem ove PCR inhibitors from sewage
effluent samples was a D Nase digestion during RNA extraction with the RNeasy Mini Kit. This
treatm ent resulted in qPCR crossing points 1 threshold cycle later for spiked reagent-grade water
sam ples in com parison to a PEG precipitation, Trizol-RN easy extraction m ethod. H owever
crossing points for spiked effluent sam ples w ere 6 threshold cycles later in one replicate and
undeterm ined in a second replicate. The higher crossing points o f the spiked sewage effluent
sam ples suggested at least a 100-fold loss o f norovim s as com pared to the spiked reagent-grade
w ater sample.
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M e tc a lf and Estes (1994) m ethodology
In evaluating this method, norovirus was detected by qPCR (using a 10 01 RT reaction) in
sewage effluent samples that had been spiked w ith norovirus-positive stool sample. A relatively
high level o f fluorescence was seen in these samples (3-4). W hen using this m ethod for spiked
reagent-grade w ater samples, no norovirus was detected by qPCR.

Ultracentrifugation method
M yn n el et al. (2006) methodology’
The first step in evaluating this m ethod was determ ining if one or two rounds o f
ultracentrifugation were necessary. W hen sew age effluent samples spiked with noroviruspositive stool sample had undergone one round o f ultracentrifugation, qPCR crossing points
were either sim ilar to or higher than (by about 3 threshold cycles) the crossing points o f spiked
effluent sam ples that had undergone 2 rounds o f ultracentrifugation. A dditionally, spiked
effluent sam ples ultracentrifuged tw ice had a higher level o f fluorescence than spiked effluent
samples ultracentrifuged only once, suggesting that two sets o f ultracentrifugation im proved
removal o f PCR inhibitors. Therefore, subsequent tests o f steps in this method were following
two rounds o f ultracentrifugation.
To further evaluate this method, a serial dilution o f norovirus-positive stool sam ple was
spiked into sewage effluent to determ ine the sensitivity o f the concentration and extraction
m ethodology. N orovirus was not detected in one o f the spiked replicates. N orovirus was
detected by qPCR in the second replicate, how ever the crossing points for this sample were m uch
higher (by 5 threshold cycles) than those seen in the previous evaluation o f this method. For the
replicate that had detectable norovirus, the 1:10 and 1:100 dilutions also had calculated crossing
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points by qPCR. However the crossing points did not show the 3.3-cycle increase in 10-fold
dilutions custom arily seen: the 1:10 dilution had crossing points 2 threshold cycles higher than
the stock spike and the 1:100 dilution had crossing points 3 threshold cycles higher than the
stock spike.
A norovirus-positive stool sample was serially diluted and extracted using the Boom et al.
(1990) m ethod to determ ine the detection lim it o f the extraction method. Crossing points for the
stock stool extraction indicated that approxim ately 100-fold m ore norovirus was recovered from
the stool suspension than from the norovirus-positive stool spiked into the sewage effluent.
N orovirus was detected in the serial dilution o f the stool sample down to a 1:100 dilution;
however, crossing points did not exhibit the 3.3 cycle increase indicative o f a 10-fold serial
dilution.
The viral concentrates resulting from the sewage effluent samples spiked with a serial
dilution o f norovirus-positive stool sample were also extracted using the RN easy M ini Kit. The
kit extraction appeared to increase viral recovery: the crossing points indicated there was only
about a 10-fold loss o f virus between the stool sample extraction and the sew age effluent sample
spiked with norovirus-positive stool. W hen using the kit, crossing points were about three
threshold cycles low er than for the sam e samples extracted with the Boom et al. (1990) method.
N orovirus was detected down to a 1:100 dilution, but crossing points did not exhibit the 3.3cycle increase as expected o f a 10-fold dilution.
A sim ilar spiking experim ent was conducted in which a serially diluted noroviruspositive stool sample was spiked into sewage effluent samples, down to a 1:10,000 dilution.
These samples were concentrated by ultraeentrifugation, extracted w ith the RNeasy Mini Kit and
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run alongside the plasm id standard (plasm id results detailed below). Sim ilar to previous results,
norovirus was detected in spiked sewage sam ples down to a 1:100 dilution. By running these
sam ples alongside the plasm id standard, it was estimated that single copies o f virus were
detected in spiked sew age effluent samples for each 10 Dl qPCR reaction, or 1.5 x 104 genom e
copies 20 ml"1 sewage effluent. These results also indicated that the serially diluted samples had
approxim ately a 3.3-cycle difference betw een 10-fold dilutions, indicating an im provem ent in
the sensitivity com pared with not using the kit.

Reverse transcription
The 20 pi RT reaction volum e was initially used as suggested by Qiagen Inc. W ork done
by W illiam Jones III (personal com m unication) showed that reducing the m aster m ix volum e to
5 pi w hile using 1 pi o f template RNA increased qPCR sensitivity reflected by decreasing
crossing points. W hen com paring the 20 pi RT volum e to the 5 pi RT volum e, the sm aller
volum e resulted in crossing points between 3 and up to 6 threshold cycles lower. Crossing
points were not, how ever, necessarily reproducible from run to run. This could account for the
range o f differences seen between 20 pi reactions and 5 pi reactions. Regardless, the decrease in
RT volum e im proved detection between 10- and 100-fold.
Additional evaluation o f RT reaction volum es (W illiam Jones III, personal
com m unication) indicated that volum es as small as 5 pi were not ideal for use with samples
likely to contain m ore inhibitors (e.g. sew age effluent). By looking at both crossing points and
fluorescence, it was found that a 10 pi reaction was a good com prom ise betw een sensitivity and
inhibitor dilution. Therefore, a 5 pi volum e was use for experimental samples (made up o f
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filtered w ater spiked with norovirus-positive stool sample); and a 10 pi volum e was used for
sew age effluent sample RNA.
W hen using lOpl tem plate RNA in a 25 pi RT reaction, qPCR crossing points for spiked
sew age samples increased by 3 threshold cycles, as com pared to using 1 pi tem plate RNA in a 10
pi RT reaction. The higher crossing points suggest that the increased volum e o f tem plate RNA is
causing inhibition in the qPCR.
Use o f the Q iaquick PCR Purification Kit to rem ove PCR inhibitors following RT for
spiked Dl samples resulted in crossing points 7 to 11 threshold cycles higher than w ithout this
additional step. A dilution factor o f 10 should be considered how ever, because 5 Dl o f cDNA
was purified and eluted into 50 Dl buffer prior to qPCR. This step resulted in an increase o f 4
threshold cycles for spiked sew age effluent samples. Fluorescence for purified samples was
m arkedly higher than that for sam ples w here this step was not used.

Plasmid preparation
A plasm id containing the norovirus G il region am plified during qPCR was generated as
described in M ethods. The purified linearized plasm id as quantified (G enequantp r o ) had 126 pg
m l’1 DNA with a 260/280 ratio o f 1.909 (indicating high quality o f the DNA). To determ ine the
copy num ber o f the linearized plasm id stock solution, the following was calculated:
M ass o f 1 plasm id m olecule = 4.43 x 10’18 g
Linearized plasm id concentration = 1.26 x 10’7 g pi"1
1.26 x 10 '7 g / 4.43 x 10’18 g p f 1 = 2.84x 1010 copies p f 1 plasm id stock
By serially diluting the plasm id stock solution and detecting it using qPCR, the detection
lim it was estimated to be the 10’11 dilution (one to one hundred trillion dilution). The standard
curve generated from the serial dilution (an exam ple shown in Figure 3) exhibited a high r value
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and a slope approxim ating the optimal crossing point differences between a 10-fold dilution (3.3
threshold cycles).

Sewage samples
Norovirus was not detected in unspiked sewage effluent samples using qPCR. For spiked
sewage samples, an average o f l.Ox 105 genom e copies 20 ml"1 sewage effluent was detected
w ith a range from 1.0 x 103-1.0 x 106 genom e copies 20 m l’1 sewage effluent.

Persistence of norovirus and FRNA coliphage in the estuarine environment.
In situ experiments
The experimental conditions for the spring, sum m er and w inter experim ents are outlined
in Table 2. Light attenuation (LICOR) data w ere recorded each o f the sam pling days for the
spring and sum m er experimental periods. During the w inter experiment, light attenuation data
were only available for days 4 and 8. For each experimental period, the radiation values were
plotted against depth to determ ine the light attenuation coefficient for the period.

Table 2. In situ experimental c o n d i t i o n s . ____________ ____________________________

Spring
Sum m er
W inter

Experimental
period

W ater
tem perature
(°C)

M ay 23-June 1,
2007
July 31-August
8, 2007
February 11-19,
2008

19.2-25.7;
average = 21.7
26.5-30.8;
average = 28.6
6.79-10.2;
average = 8.05

Light
attenuation
coefficient
(Kd) (m-1)

22-year
average
m onthly
insolation
(kW h m ^ d ’1)*

PAR from
Taskinas
Creek, VA
(mM m"2)f

1.97

5.96

55,517

0.995

5.08

48,249

0.523

2.97

21,457

Legend:
PAR = photosynthetically active radiation
* V alues specifically incident on a horizontal surface (N A SA , 2008).
f T askinas C reek station (37° 24' 50.76 N, 76° 42' 44.53 W ), approxim ately 15 m iles northw est o f the experim ental
setup (N E R R S CD M O , 2008); PA R value is average over experim ental period.
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FRNA coliphage counts and norovirus copy num ber were detennined for each condition
(light-exposed surface, dark surface, light-exposed 1 meter, and dark 1 meter) for each sampling
day. The data w ere logio transform ed and plotted against time. Figures 4-6 show FRNA
coliphage counts and RN ase/PK -treated (treated) and untreated noro virus copy num ber
persistence during the spring, sum m er and w inter experimental periods, respectively. Treated
norovirus data was collected for the w inter experiment.

RNase and Proteinase K Treatment
The R N ase and PK treatm ent was evaluated to determ ine if there was a difference in viral
genom ic copy num ber between treated and untreated norovirus samples. A trial was run in
which 10 stool-spiked w ater suspension samples were treated and 10 were not treated. In
com paring the resulting copy num bers from this trial by a t-test, it was detennined that there was
no effect (p>0.05) o f this treatm ent per se on virus copy number.
Further analysis o f the spring and sum m er persistence experim ent data is described in the
Data A nalysis section to follow.

In vitro experiments
FRNA coliphage counts and norovirus copy num bers w ere detennined for each salinity
and tem perature condition described in M ethods for each sam pling day. The data were logio
transfonned and plotted against time. Figures 7-9 show the FRNA and norovirus persistence for
10°C, 20°C and 30°C, respectively.

Data analysis
U sing the persistence data from the in situ and in vitro experiments, inactivation rates
were calculated for each o f the experimental conditions. For each experimental treatm ent (spring
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surface light exposed, spring surface dark, etc. and 0 psu, 10°, 0 psu, 20°C, etc), the virus counts
(PFU m l'1 or genom e copies m l’1) o f the three replicates for each sam pling day were used in a
nonlinear regression to calculate a slope value, or inactivation rate k d’1. Using an SAS (SAS
Institute, Inc., Cary, NC) program written by M. Newman (1995), virus counts were natural log
transformed and a linear model fit was used to estimate the inactivation rate and initial virus
density. These estimates were used as initial estim ates in an iterative, non-linear regression from
which final estimates were generated. The 95% confidence intervals were calculated using the
following equation:
x ± t(S/Vn)
where x is the m ean o f the replicates; t is the critical t-value o f the t-distribution; S is the
standard deviation o f the replicates; and n is the num ber o f replicates. Inactivation rates were
considered not to be significantly different if the 95% confidence intervals overlapped.
An analysis o f inactivation rates and 95% confidence intervals was used to detennine if
there was a significant treatm ent effect o f RNase and PK for norovirus sam ples in the in situ
experiments. Figure 10 shows the inactivation rates with 95% confidence intervals for treated
and untreated norovirus samples from the in situ experiments. For all experim ental conditions,
the confidence intervals overlapped for the inactivation rates o f both untreated and treated
norovirus samples. Because a treatm ent effect was not observed and there was m ore untreated
norovirus data available than treated norovirus data, untreated norovirus data was used for the
purpose o f com paring norovirus inactivation rates to FRNA coliphage inactivation rates. Figure
11 shows the inactivation rates with 95% confidence intervals for the in situ experiments. Table
3 summarizes the FRNA coliphage and norovirus inactivation rates, the r2 values associated with
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the regression and T 90 values (In (0.01 /k)). FNRA coliphage inactivation rates were significantly
higher than untreated norovirus inactivation rates for all in situ experimental conditions. The
spring experim ent results showed that FRNA coliphage inactivation rates were about 10 times
higher than norovirus inactivation rates, except for the light surface condition where FRNA
coliphage rate was only about 5 times higher than the norovirus inactivation rate. The sum m er
experim ent results showed that FRNA inactivation rates were between 20-40 times higher than
norovirus inactivation rates. Finally, FRNA inactivation rates in the w inter experiment w ere
about 10 times higher than norovirus inactivation rates for the sam e period. FRNA coliphage
inactivation rates varied significantly as a function o f season and light over the in situ
experimental conditions.
The rate analysis showed that none o f the experim ental conditions resulted in a
significant difference in norovirus inactivation rates except for the spring surface light-exposed
condition. The spring surface light-exposed condition was significantly higher than any other
norovirus inactivation rate.
Figure 12 shows the FRNA coliphage and untreated norovirus inactivation rates as a
function o f temperature. A linear regression line is shown when the r 2 value o f the linear
regression indicated that tem perature was predictive o f the inactivation rate (a value o f 0.80 was
selected, i.e., the r 2 value was > 0.80). Table 4 shows the linear regression equations and
associated r values for FRNA coliphage. Seasonal w ater tem perature differences were
predictive o f FRNA coliphage inactivation rates. W hen linear regressions were applied to the
norovirus inactivation rates, the r 2 values did not indicate a predictive relationship o f seasonal
w ater tem perature on norovirus inactivation rates.
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Table 4. Linear regression equations and r2 values for in situ inactivation rates as a function of seasonal
temperature for a given treatment.___________ ___________________ ___________________ _______________
FRN A coliphage

SD
y = 0.23x - 0.84

SL
y = 0.22x - 0.18

MD
y = 0.17x - 0.25

ML
y = 0.19x - 0.04

r2= 0.88

r2= 1.00

r2= 0.98

r2= 1.00

Legend:
SD = surface dark condition
S L = surface light-exposed condition
M D = 1 m eter dark condition
M L = 1 m eter light-exposed condition

Figure 13 shows an analysis o f the dark vs. light-exposed treatm ents for norovirus and
FRNA coliphage. A reference line with a slope equal to 1 is plotted; a light effect is inferred if
points plot above the line, but not if they plot along the reference line. All points in the
norovirus plot are above the reference line, w ith the spring points deviating highly from the
reference line. FRNA coliphage points all plot above the line, except for one sum m er point;
deviations from the line are also highest for the spring points.
Figure 14 shows the inactivation rates with 95% confidence intervals for the in vitro
experim ents and Table 5 summarizes the FR N A coliphage and norovirus inactivation rates, the r
values associated with the regression and the Tq0 values. A nalysis o f the in vitro rate data
indicated that FRNA coliphage inactivation rates were higher than norovirus inactivation rates
for all conditions except 0 psu and 10 psu at 10°C where the confidence intervals overlapped. In
the 10°C experim ents, FRNA coliphage inactivation rates were betw een approxim ately 3.5-7
tim es higher than norovirus inactivation rates. D uring the 20°C experim ent, much larger
differences w ere seen between FRN A coliphage inactivation rates and norovirus inactivation
rates: at 10 psu and 20 psu, FRNA coliphage rates were over 70 tim es and 130 times higher than
norovirus inactivation rates, respectively. Slightly lower differences in rates were seen in the
30°C experim ent, with FRNA coliphage inactivation rates ranging from 14-30 times higher than
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a

norovirus inactivation rates.
Figure 15 shows FRNA coliphage and norovirus inactivation rates as a function o f
temperature. W hen tem perature was predictive o f the inactivation rates ( r > 0.80), the linear
regression line is shown on the graph. Linear regression equations and r values are shown in
Table 6. Sim ilar to the in situ experiments, water tem perature was always predictive o f FRNA
coliphage inactivation rates. For FRNA coliphage, the inactivation rates for 0 psu treatm ents o f
each tem perature w ere progressively higher: the 20°C rate was 6.3 times that o f the 10°C rate;
the 30°C rate 1.8 tim es that o f the 20°C rate. Sim ilarly, the 10, 20 and 30 psu treatm ent
inactivation rates w ere progressively higher with increasing temperature: the 20°C rates were
higher than the 10°C rates by a factor o f between 3 and 7; the 30°C rates were higher than the
20°C rates by a factor o f between 1.2 and 2.2.
Few significant differences were observed betw een the norovirus inactivation rates based
on tem perature in the in vitro experiments and w ater tem perature was not consistently predictive
o f norovirus inactivation.
Table 6. Linear regression equations and r2 values for in vitro inactivation rates as a function of temperature
at a given s a l i n i t y . ___________________ ______________________________________ ___________________
0 psu
FRN A coliphage

N orovirus

y

y

= 0.15x - 1.21

10 psu
y

= 0.27x - 1.37

30 psu

20 psu
y

= 0.34x - 3.26

r2 = 1

r2 = 0.88

r2 = 0.99

= 0.008x - 0.03

r2 value < 0.80

r2 value < 0.80

y

= 0 .3 6 x - 2.50
r2 - 0.98

y

= 0.09x + 0.003
r = 0.91

r2 = 0.94

Figure 16 shows FRNA coliphage and norovirus inactivation rates as a function o f
salinity. W hen salinity was predictive o f the inactivation rates (r > 0.80), the linear regression
line is shown on the graph. Linear regression equations and r2 values are shown in Table 7.
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Com paring salinity, in the 10°C experim ent, there was no significant difference between the
FRN A coliphage inactivation rate o f the 0 psu and 10 psu samples; but 20 and 30 psu treatments
had inactivation rates higher than 0 psu samples by a factor o f 3.5 and 4.7, respectively. At
20°C, inactivation rates o f the 10, 20 and 30 psu treatments were higher than the 0 psu treatm ent
by a factor between 2.3 and 2.9. At 30°C, inactivation rates o f the 10, 20 and 30 psu treatm ents
exceeded the 0 psu treatm ent by a factor between 1.9 and 2.7.
In both the 10° and 30°C experim ents, a significant difference was observed between the
norovirus inactivation rates o f the 0 psu and the 20 and 30 psu treatm ents; how ever salinity was
not consistently predictive o f norovirus inactivation rates. M ore variability in inactivation rates
as a function o f temperature and salinity was observed in the in vitro experim ents as com pared to
the variability o f inactivation rates observed as a function o f season and sunlight in the in situ
experiments. Additionally, som e o f the confidence intervals associated with the in vitro
inactivation rates were very narrow due to the small standard deviations associated with replicate
m easurem ents o f a given experimental treatment.
TabJe 7. Linear regression equations and r2 values for in vifro inactivation rates as a
function of salinity at a given temperature.
FR N A coliphage

10°C
y = 0.03x + 0.33

N orovirus

r2 value < 0.80

20°C
ri value < 0.80

30°C
y = 0 .18x + 3.96

r2 value < 0.80

y = O.Olx + 0.13

r2 = 0.99

r2 = 0.84

r2 - 0.86
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Figure 3. Standard curve generated from 10-fold serially diluted plasmid containing
norovirus GII PCR product.

Figure 4. Spring experiment persistence results.
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Figure 5. Summer experiment persistence results.
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Figure 8. 20° C in vitro persistence experiment results.
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Figure 12. In situ experiment inactivation rates as a
function of temperature for a given treatment.
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Figure 15. In vitro experiment inactivation rates as a
function of temperature at a given salinity.
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Figure 16. In vitro experiment rates as a function of
salinity at a given temperature.
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Discussion
Virus Concentration and RNA Extraction
Concentration methods
Several methods for concentrating sew age effluent samples w ere evaluated. W hen
assessing sample adsorption to negatively charged nitrocellulose filters and elution with
skim m ed m ilk-glycine buffer, results indicated poor recovery o f norovirus spiked into DI water
samples. A W yn-Jones and Sellwood (2001) review reported this m ethod to have an average
recoveiy efficiency o f 50% for enteric viruses in w ater samples. In this study, norovirus was
recovered in the range o f

0 .1 -1

% and the m ethod was not pursued further.

A method applied to sewage effluent and seaw ater samples based on adsorption to
negatively charged nitrocellulose filters followed by direct RNA lysis from the filter was
evaluated (Fuhrman et al. 2005). W hen assessing this m ethod for sew age samples, norovirus
was not detected by qPCR for sew age sam ples spiked with norovirus; therefore, the m ethod was
not pursued further for sewage effluent samples.
W hen initially evaluating the Fuhrm an et al. m ethod (2005) or environm ental water
sam ples, low levels o f fluorescence in qPCR w ere encountered when analyzing 1 pm-filtered
Y ork R iver w ater samples spiked w ith norovirus. Inhibitors o f enzym atic reactions, including
reverse transcription and PCR, are often found in environm ental samples. Therefore, to reduce
the potential problem s with inhibitor presence in the water samples, Y ork River w ater was
further filtered to

0 .2 2

pm, rem oving the

0 . 2 2 -1

pm -sized material potentially inhibiting the
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reverse transcription o f qPCR (e.g. particulate organic matter, hum ic material in that size range
and m icrobiota). qPCR fluorescence im proved dram atically upon filtering the York River water.
Fuhrm an et al. (2005) reported a recovery efficiency ranging from 1-25% for poliovirus seeded
into seawater; sim ilar results were observed in this study when spiking norovirus in filtered
estuarine water. Due to the sufficient recovery o f the virus using this method, the lack o f sam ple
m anipulation, and the fact that it was not tim e-consum ing, this procedure was used for recovery
o f norovirus from the in situ and in vitro persistence experiments.
Phillipson et al. (1960) reported PEG precipitation m ethods to be rapid, inexpensive, and
nondestructive o f viruses. Lewis and M etcalf (1988) reported a 50% and

6 6

% rate o f recovery

from estuarine w ater samples for hepatitis A and rotavirus, respectively. In evaluating PEG
precipitation m ethods for sewage sam ple concentration and norovirus recovery, both low virus
recovery (a

1 0 -1 0 0

fold loss) and reduced signal fluorescence due to inhibitors carried through to

qPCR were observed. A follow-up step o f PCR purification im proved fluorescence, but further
diluted the sample. As virus recovery was already a lim iting factor, this method was not pursued
any further.
The M etcalf and Estes (1994) m ethodology yielded positive qPCR results only for
noro virus-spiked sew age samples, not noro virus-spiked DI w ater samples. W ithout com parison
to a ‘clean’ w ater sample, it was difficult to gauge the efficiency o f the m ethod for sewage
effluent. D ue to the tim e-consum ing nature o f this m ethod, it was not selected for use with
sewage effluent samples.
The ultracentrifugation m ethod m odified by M ynnel et al. (2006), which was originally
described by Puig et al. (1994), was determ ined to be optimal in terms o f vim s recovery,
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inhibitor removal and minimal m anipulation for sewage effluent samples. Puig et al. (1994)
found ultracentrifugation to be a fairly sim ple procedure suitable for samples containing high or
low levels o f fecal contam ination and reported a 50-70% recovery efficiency o f poliovirus from
sewage samples. A dditionally, the ultracentrifugation method does not add any known PCRinhibitors (for elution or otherwise) and was also reported to rem ove or inactivate inhibitors o f
reverse transcription or PCR. W hen com paring norovirus recovery from spiked sewage samples
to noro virus-positive stool extractions, crossing points for the concentrated spiked sewage
samples were only slightly higher ( 1 - 2 crossing points) than those for norovirus-positive stool
extractions, suggesting minimal virus loss using this concentration method. The sim ilar crossing
points o f the stool extraction and spiked sewage samples suggested a virus recovery efficiency
sim ilar to or higher than that o f Puig et al. (1994).
Extraction methods
In the evaluation o f RNA extraction methods, the RNeasy Mini Kit was detennined to be
optimal for consistent RNA recovery from replicate samples. A dditionally, it was not a timeconsum ing procedure and required lim ited use o f hazardous com ponents (i.e., no chlorofonn or
phenol were necessary).
In assessing Trizol extractions, high concentrations o f RNA w ere recovered from sewage
effluent samples, but not necessarily the targeted norovirus RNA. The extraction o f non-target
RNA appeared to deleteriously affect the ability to subsequently detect norovirus by qPCR.
W hen conducting a single Trizol extraction, qPCR showed evidence o f inhibition, but when
conducting m ultiple Trizol extractions to try to rem ove PCR inhibitors, there was substantial loss
o f RNA and norovirus was no longer detectable.
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In evaluating the Boom et al. (1990) m ethod for RNA extraction from norovirus-spiked
sewage samples, results indicated that the detection limit for norovirus recovery was sim ilar to
that for the RNasy Mini Kit. However when com paring the Boom et al. (1990) m ethod to the
RNeasy M ini Kit for stool extractions, the kit had a lower detection limit (1 genom e copy 10 pi ' 1
qPCR reaction vs. 100 genom e copies 10 pi ' 1 qPC R reaction). Based on the detection lim it and
ease o f kit use, RNA was extracted from the viral concentrates using the RN easy M ini Kit.
Sewage sam ple processing
Eleven secondary sew age effluent samples were collected and eight w ere initially
processed (February 2007 - February 2008); norovirus was not detected in the sew age samples
not spiked with norovirus-positive stool samples. The three rem aining samples (M arch - May
2008) were not processed by qPCR. W hen processing the spiked sewage sam ples, an average
1 .0

x

105

genom e copies

20

m l ' 1 sewage effluent was detected with a range from

-

10 3 10 6

genom e

copies 20 m l " 1 sew age effluent. The detection lim it o f 1.0 x 103 -1.0 x 104 genom e copies 20 m l ' 1
observed is unfortunately close to the norovirus concentrations generally reported in treated
sewage effluent (2.0 x 103 -2.0 x 104 copies 20 m l'1). Based on this detection limit, it is difficult
to conclude if norovirus was present in the sew age effluents analyzed for this study, as it m ay be
present at concentrations low er than detectable by these methods. Other studies have reported
low er detection limits (using

2 -2 0 0

times the volum e o f this study):

100

genom e copies I' 1 from

40 m illiliters sewage effluent (da Silva et al. 2007), single PCR detectable units I' 1 from 200-400
liters sewage effluent (Lodder and de R oda H usm an 2005), 0.047 PCR detectable units m l ' 1 from
1 liter sewage effluent (K atayam a et al. 2008). These studies also include subsequent RNA
purification procedures (CTAB extractions, ultrafiltration, gel chromatography). The lack o f a
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universal standard for quantification m akes it difficult to clearly interpret these values, but it is
notable that these studies consistently detect norovirus in sewage, often throughout the year. It is
unclear w hether differences in levels o f sewage treatm ent or inhibitor presence could be
responsible for the norovirus densities estim ated in the other study countries (France, the
N etherlands, Japan). Regardless, the high detection limit for this study is a definite concern for
the ability to detect norovirus in sewage effluent in the Chesapeake Bay region.
W hen evaluating the selected m ethods for sample concentration and RNA extraction, a
stool sample high in titer for norovirus was used to test virus recovery from sewage effluent
samples. It was concluded that inhibition o f either reverse transcription and/or qPCR was low
when recovering high concentrations o f norovirus, evidenced by only small differences in qPC R
crossing points between norovirus-positive stool sample and that spiked into the sewage sample.
H ow ever when the norovirus-positive stool sample was m ore dilute than a 1:100 dilution, the
norovirus spike was not detected in sewage effluent samples.
Humic com pounds are often cited as a m ajor inhibitory factor in environm ental samples
(W ilson 1997). In this study, when norovirus was present in a high concentration (10 6 ml"1) in
the sewage effluent samples, and the ultracentrifugation m ethod was used, hum ic substances
m ight not have been as inhibitory as when norovirus was present in low er concentrations because
o f the overall proportion o f hum ic substances to norovirus. To test if hum ic substances or
sim ilar environm ental inhibitors are an inhibitory com ponent, the viral concentrate or viral
concentrate RN A could be serially diluted and processed with qPCR to determ ine if norovirus
can be detected at a low er concentration.
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A second possibility is inhibition due to nontarget DNA or RNA, especially as the target
norovirus RNA becom es m ore dilute in the sample. Tebbe and Vahjen (1993) reported that high
levels o f nontarget DNA could inhibit PCR, specifically when w orking w ith soil samples.
Significant inhibition was not observed when spiking higher titers o f norovirus (10 6 m l-1) into
sew age effluent samples; how ever norovirus was not detected at low er concentrations, possibly
because nontarget substances w ithin the sew age effluent are inhibiting norovirus extraction,
reverse transcription or am plification at low er concentrations. Experim ents spiking both
norovirus-positive stool sample and FRNA coliphage into reagent grade w ater and sewage
effluent would clarify w hether the presence o f a second nontarget virus (FRNA coliphage)
inhibits the quantification o f norovirus in the w ater or sewage effluent samples.
In the studies cited above where low er detection limits w ere found, higher volum es o f
sew age effluent w ere concentrated. C oncentrating higher volum es m ight aid in overcom ing
som e o f the lim itations outlined in this work. Additionally, the previous studies concentrated
and extracted RNA with additional purification procedures (including gel chromatography,
ultrafiltration, and m ethods sim ilar to those o f M etcalf and Estes (1994) originally designed for
shellfish samples) that could also prove useful in im proving virus recovery at lower
concentrations. These steps require additional time, and there is the concern that additional
purification steps can result in virus loss. However, it is evident from this study that a more
sensitive m ethod is required to confirm the presence or absence o f norovirus in sewage effluent
sam ples o f this region.
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Persistence Experiments
In situ experiments
In situ experim ents were conducted to exam ine the persistence o f norovirus and FRNA
coliphage in response to enviromnental factors during three seasons: spring 2007, sum m er 2007
and w inter 2008. To the best o f our know ledge, this is the first study in which norovirus
suspensions were exposed to in situ physical conditions in an estuarine environm ent.
Q uantitative real-tim e PCR (qPCR) was used to quantify norovirus density over each 8 -day
experim ental period. In parallel with norovirus, FRN A coliphage suspensions exposed to
identical envirom nental conditions were evaluated for persistence over the 8 -day period, using a
plaque assay.
V irus inactivation rates for both norovirus and FRNA coliphage w ere calculated for the
experim ental conditions (light-exposed and dark treatm ents at the w ater surface and at

1

meter)

for each seasonal experiment. N orovirus inactivation rates did not vary significantly as a
function o f season, light treatm ent or depth treatm ent with the exception o f the spring surface
light-exposed condition that was significantly higher than all other norovirus inactivation rates
(Figure 11). The norovirus inactivation rate for the light-exposed surface condition was almost
three tim es higher than the dark control at the surface. Additionally, a plot o f dark vs. lightexposed inactivation rates (Figure 13) indicated a light effect on norovirus inactivation. All
points plotting above the “reference line”, specifically spring rates that deviated the m ost from
the line, indicated the effect o f light to increase norovirus inactivation rates. The in situ results
show that sunlight exposure resulted in a faster inactivation rate for norovirus, sim ilar to what
was reported by Sinton et al. (1999) for FRN A coliphages and somatic coliphages. The
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inactivation rates for light-exposed norovirus treatm ents w ere 1 . 6 - 2 times higher (though not
significantly different) than the dark treatm ents in the sum m er experim ent and the

1

m eter light-

exposed condition in the spring. Twenty-two year average insolation flux for the spring
1

experimental m onth o f M ay was higher (5.57 kW h m ’“ d' ) than that for the summer
p

1

experimental m onth o f A ugust (5.08 kW h m ‘“ d' ). A dditionally, photosynthetically active
radiation (PAR) data (N ERRS CDM O 2008) indicated an average PAR for the spring
2

2

experimental period o f 55,517 mM m" versus 48,249 mM m ‘ for the sum m er experim ent
period. Though PAR does not include the ultraviolet w avelengths known to be m ost dam aging
to viruses, PAR does correlate well to total insolation, and therefore can serve as a proxy for the
potential for sun damage. The higher insolation and PAR values for the spring period m ight
explain the significantly higher inactivation rate for light-exposed norovirus in the spring.
The 95% confidence interval analysis (Figure 11) indicated that light exposure had a
significant effect on FRNA coliphage infectivity resulting in higher inactivation rates for both
the surface and 1 m eter treatm ents in the spring. The plot o f dark vs. light-exposed inactivation
rates (Figure 13) com plem ents the 95% confidence interval analysis, with spring points deviating
m ost from the reference line. The FRNA inactivation rate was higher for the light-exposed
condition at 1 m eter, but not at the surface in the summer. Phage inactivation in sunlightexposed seaw ater occurs when solar radiation results in dam age to the capsid and/or nucleic acid
genome. Sinton et al. 1999 reported that FRNA coliphage w ere susceptible to all com ponents o f
the solar spectrum below 556 nm, though not particularly susceptible to dam age by UV-B
wavelengths (responsible for direct photobiological damage). At wavelengths above 329 nm,
viruses are m ore affected by photochem ical m echanism s that act through photo-sensitizers to
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dam age virus capsids. In conducting optical filter experiments to exam ine what portion o f the
light spectrum was responsible for virus inactivation, Sinton et al. (1999) concluded that the
m ajority o f capsid dam age was as a result o f photochem ical m echanism s consistent with longer
w avelengths (329 nm-556 nm).
It is unusual to note that the dark surface summer treatm ent had a higher inactivation rate
than the light-exposed surface sum m er treatment. There is the possibility that the bags were not
constantly submerged due to very low tides, and uneven heating o f the bags m ight have occurred
if an arm o f the float was out o f the w ater for a period o f time during daylight. Though there was
a significant difference between the light-exposed and dark surface treatm ents, it was only by a
factor o f 1.05 that the dark surface inactivation rate exceeded the light-exposed inactivation rate.
A depth effect was observed in the spring and sum m er for FRNA coliphage inactivation
rates (Figure 11). In both seasons, the inactivation rate o f the light-exposed FRNA coliphage at
the 1 m eter depth was low er than that at the surface. This was anticipated as sunlight is
attenuated by the w ater and particulates within the water column. H owever, the first
w avelengths to be attenuated are the shorter wavelengths o f the solar spectrum, allow ing the
longer wavelengths to penetrate deeper. FRNA coliphages are also susceptible to longer
w avelengths, possibly explaining w hy there is only a factor o f
and

1

1 .2

and

1 .1

between the surface

m eter inactivation rates for the spring and summer, respectively.
Sunlight exposure did not have a significant effect on FRNA coliphage inactivation rates

in the w inter (Figure 11). Insolation and PAR values for the w inter experimental period were
2.97 kW h nT 2 d ' 1 and 21,456 mM m"2, approxim ately h alf that o f the insolation and PAR values
seen in spring and summer. The light-exposed w inter treatm ents both had higher inactivation
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rates than the dark controls as evidenced by Figure 13; how ever none o f these treatm ents showed
a significant difference from one another.
Significant differences seen am ong FRN A coliphage inactivation rates were related to
season (Figure 11). Figure 12 indicates that w ater tem perature was predictive o f FRNA
coliphage inactivation rates for all treatm ents. All spring inactivation rates were higher than
those for w inter (by a factor o f 2.3-3.0), and all sum m er inactivation rates were higher than those
for w inter and spring (by a factor o f 3.5-4 . 8 and 1.3-2.0, respectively). Exposure o f enteric
viruses to tem peratures ranging from 22-35°C can dam age nucleic acids and protein capsids o f
viruses, negatively affecting virus adsorption to the host cell and preventing replication due to
enzym e inactivation (reviewed in Bitton, 1980). Lo et al. (1976) consistently found when
studying enteroviruses in seaw ater that there was a direct relationship betw een vim s stability and
water tem perature: the higher the w ater tem perature, the greater rate o f virus inactivation.
A llw ood et al. (2005) reported increased inactivation o f viruses (FRNA coliphage and feline
calicivirus) in chlorinated w ater as a function o f w ater temperature; and N gazoa et al. (2008)
found significantly higher reduction o f norovirus genom ic material in river w ater at 25°C
com pared to 4°C.
Considering norovim s inactivation rates and persistence did not parallel that o f FRNA
coliphage, the effect o f environm ental tem perature on these viruses could reflect differences in
m echanism s o f inactivation and structural stability. FRNA coliphage was assayed by an
infectivity assay whereas norovim s was assayed by RNA (genome copy) detection, raising the
question w hether the norovim s RNA detected is representative o f infectious norovim s. An assay
o f infectivity can assist in the determ ination o f the health risk caused by infectious virions;
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how ever a nucleic acid assay is beneficial in that it can detect viruses recalcitrant to replication in
cell culture (G assilloud et al. 2003, Sobsey et al. 1998, Rose et al. 1997). In com paring
infectivity assays to RN A detection o f feline calicivirus, poliovirus and FRNA coliphage (MS2),
Bae and Schwab (2007) reported that in laboratory positive control waters, minimal viral RNA
losses were observed over the 3-5 week sam pling tim e for all viruses tested while infectivity was
significantly reduced over tim e for all tested viruses. D espite their lim itations, nucleic acid
assays are still useful in that they directly assay norovirus, the known hum an pathogen, for w hich
a routine infectivity assay is still lacking. A dditionally, D uizer et al. (2004) concluded in their
study com paring calicivirus infectivity to nucleic acid detection using know n m eans o f
inactivation (therm al, U V irradiation, ethanol, chlorine, pH) that quantitative real-tim e assays
were a valuable tool in detecting reduction in infectivity, because a higher crossing point was
correlated to some degree o f viral inactivation.
Duizer et al. (2004) also specifically noted the utility o f conducting quantitative qPCR
following an enzym atic treatm ent o f PK and RN ase (Nuanualsuw an and Cliver 2002), used in
the in situ experim ents in this project. Significant differences were not observed between
inactivation rates for the untreated and treated norovirus samples (Figure 10); therefore it was
concluded that only intact RNA encapsulated within the norovirus protein capsid was detected,
and that any RNA released as a result o f capsid dam age was destroyed by environm ental factors
o f sunlight or water tem perature. U sing this m ethod prior to infectivity and nucleic acid assays
for feline calicivirus, N uanualsuw an and C liver (2002) reported that the enzym atic digestion
prevented an RT-PCR positive result on viruses that were no longer infective based on an
infectivity assay. Based on the aforem entioned results, the results o f this thesis suggest that the
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norovirus RNA detected by qPCR in the in situ and in vitro experiments was from intact, and
therefore potentially infectious norovirus.
There are a few concerns with concluding that all detected RNA was representative o f
infectious virus. The enzym atic digestion m ethod was initially used on suspensions w ith 10 3
PFU ml"1. Experiments were begun with uncertainty regarding virus density because the plasm id
standard was not generated. The method was used as published, but on norovirus concentrations
A

*7

_ J

o f approxim ately 1 0 - 1 0 genom e copies m l’ . The higher virus density could be a possible
reason for why a difference was not seen between treated and untreated norovirus suspensions.
H ow ever as virus density decreased over the experim ental period (in the sum m er light-exposed
surface condition as low as
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genom e copies m l’1), an increasing difference betw een the

untreated and treated norovirus samples was not observed. W ithout a parallel infectivity assay, it
can only be concluded that the RNA detected was from intact norovirus.
This thesis study provides new inform ation with respect to norovirus nucleic acid
persistence in response to environm ental factors and is unique to previous studies o f norovirus
persistence because norovirus is exposed to in situ environm ental conditions. Even in the
presence o f spring- and sum m er-tim e insolation and w ater temperature, norovirus RNA was
observed to persist for at least

8

days, underscoring the robustness o f norovirus and potential for

w aterborne spread o f gastroenteritis. A dditionally, T 90 values (Table 3) indicate the potential for
norovirus RNA to persist in the environm ent up to 46 days, while 90% o f FRNA coliphage is
inactivated after no m ore than 3.5 days. It is im portant to note that the rates calculated in this
study are conservative: aged filtered ( 0 . 2 2 pm) estuarine w ater was used, reducing its virucidal
properties. Regardless, norovirus RNA has the potential to persist for long periods o f time.
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In vitro experiments
In vitro experiments w ere conducted to com plem ent the in situ experiments, and to
determ ine the effect o f tem perature and salinity on virus inactivation in a dark temperaturecontrolled setting.
A distinct tem perature effect was observed in the inactivation rates o f FRNA coliphage
w ith increased tem peratures resulting in higher inactivation rates (Figure 14). Figure 15
corroborates that w ater tem perature is consistently predictive o f FRNA coliphage inactivation
rates. Additionally, a salinity effect was observed (Figures 14 and 16), m ost notably in the 10°C
and 30°C treatments, w ith higher inactivation rates accom panying higher salinity. Gerba and
Scaiberger (1975) reported that salinity could increase viral aggregation, resulting in a single
PFU for an aggregate. In this instance, the salinity effect is likely m ore an artifact associated
with quantifying the virus than actual dam age to the infectivity o f the virus.
Based on a com parison o f inactivation rates, the effect o f salinity on FRNA coliphage
inactivation appears to have a dim inishing effect with increasing temperature, underscoring the
im portance o f tem perature on virus infectivity. In studying the stability o f human enteroviruses
in estuarine and m arine water, Lo et al. (1976) reported that the salinity o f water had only m inor
effects on virus survival, and that w ater tem perature was the critical factor in affecting virus
survival.
Sim ilar to the in situ experimental results, norovirus inactivation rates did not exhibit as
broad a range as FRN A coliphage inactivation rates in response to tem perature or salinity. Few
significant differences w ere observed between the norovirus inactivation rates based on
tem perature (Figure 14); how ever Figure 15 does show that tem perature was predictive o f
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norovirus inactivation rates for the 10°C and 30°C treatments. The 20°C treatm ent does not
follow a sim ilar trend how ever and som e o f the inactivation rates calculated for the 20°C
sam ples were am ong the low est inactivation rates for all in vitro samples.
In both the 10° and 30°C experim ents, a significant difference was observed betw een the
inactivation rates o f the 0 psu and the 20 and 30 psu treatments (Figure 14). The m ore saline
treatm ents at 10° and 30°C had higher inactivation rates (by a factor o f 5.4 to 7.0 and 1.8-3.0,
respectively). However Figure 16 suggests that salinity is only predictive o f norovirus
inactivation rates at 30°C. It is difficult to conclude from these results w hether salinity would
play a significant role in norovirus inactivation, and it is unclear by w hat m echanism increased
salinity would affect norovirus inactivation.
Based on the variability o f norovirus inactivation rates in the in vitro experim ents, it is
difficult to clearly define a significant effect o f tem perature or salinity. Though some trends are
observed, significant differences in inactivation rates were not observed to state an effect.
A dditionally, inactivation rates associated with the 20°C experim ent do not follow the trends
observed in the 10° and 30°C experim ents, further confounding a generalization o f a temperature
or salinity effect.
Exam ined together, the in vitro results com plem ented the in situ results for both viruses.
For FRN A coliphage, the in vitro results substantiated that w ater tem perature is an im portant
factor in the decrease o f vim s infectivity. In term s o f norovim s persistence, the norovim s
inactivation rate for the light-exposed spring condition was significantly higher than all in situ
rates and all in vitro rates except the 30°C, 30 psu rate. This would suggest that conditions o f
high insolation and high salinity are m ost detrim ental to norovim s persistence. FRNA coliphage
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inacti vation rates failed to parallel those o f norovirus in both sets o f experiments. W hile the
inactivation rates are conservative, the differences in T 90 values (Table 5) are notable: norovirus
RNA has the potential to persist over 100 days in dark conditions, while 90% o f FRNA
coliphage was inactivated after no m ore than 16 days. The difference in assay endpoint is m ost
likely a contributing factor to the significant differences seen in these studies.
Based on the findings o f this study, FRNA coliphage persistence did not parallel
norovirus persistence in estuarine w ater samples, im plying that FRNA coliphage is not an
acceptable indicator predictive for norovirus in the m arine environment. FRNA coliphage
inactivation rates were higher and m ore variable than norovirus inactivation rates in both in situ
and in vitro experim ents, with norovirus far outlasting FRNA coliphage. Though qPCR has its
lim itations, at present it is the m ost efficient m ethod in use for the detection o f norovirus in
environm ental samples. Considering the low infective dose o f norovirus, an overly-conservative
detection m ethod like qPCR, especially coupled w ith an RNase and proteinase K treatm ent like
the one used in this study, m ight be a better m eans o f screening w ater samples than m onitoring
for a potential indicator like FRNA coliphage.
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